Rock bolts have been widely applied with roadway excavation in underground coal mines to prevent roadway collapse and improve the stability of roadway surrounding rocks. Overloading and failures of rock bolts could result in accidents or casualties in coal mine roadways. Consequently, monitoring axial forces and work conditions of rock bolts plays an increasingly important role in ensuring safe operations of underground coal mines. Conventional mechanical or electronic rock bolt monitoring systems are typically affected by electromagnetic interference, corrosive groundwater, and dusty circumstance in underground working sites. This work proposed a FBG-based instrumented rock bolt. Quasi-distributed FBG sensors were installed on a slotted rock bolt and encapsulated by epoxy resin that was used to fix FBG sensors on the rock bolt and protect FBG sensors from damage. The FBG sensors were calibrated before the in situ application. Monitoring results indicated that the axial forces of rock bolts installed on the roof of the roadway were higher than that of others, and the maximum axial forces of each rock bolt were typically detected near the middle portion of rock bolts. A real-time and accurate rock bolt monitoring system was established by integrating instrumented rock bolts to the existing monitoring system of the coal mine.
Introduction
As the coal resources within shallow grounds are depleting and coal mining operations are moving to deeper grounds, approximately 60% of the coal mining works are currently conducted with a mining depth of over 800 m in China [1] . The impacts of high ground stress and weak strata are encountered within the mining operation works in deeply buried coal mines [2, 3] . Roadways are prone to collapse in these adverse geological conditions, and the roadway collapse contributes to 43% fatalities of miners in underground coal mines in China [4, 5] . Considering safety issues, the roadway support is playing an increasingly important role in coal mining operations [6] . The rock bolt is one of the most popular supporting materials in underground coal mining due to its installation flexibility and low price [7] . The failure and malfunction of rock bolts generally result in the large deformations or even collapses of roadways. Therefore, the monitoring of rock bolt performance and surrounding rock stability has become a critical issue in the area of roadway support.
It has been widely recognized by researchers that the axial force is a critical parameter for evaluating rock bolt performance. Conventional axial force monitoring operations were typically conducted by using load cells. The load cells were applied to measure the axial force of rock bolts, thereby verifying that the rock bolts are functioning adequately and not subjected to excessive load. Load cells are manufactured with a center hole to accommodate rock bolts, and they are commonly installed on the rear portion of rock bolts. Several types of load cells were developed based on mechanical or electronic sensing technologies such as the mechanical load cell, hydraulic pressure load cell, vibrating wire load cell, and electrical resistance load cell. Various conventional rock bolt monitoring systems had been widely applied in recent decades. However, some problems were encountered during the in situ applications, including (i) corrosive groundwater and dusty circumstance cause failure of mechanical and electronic sensors, (ii) electronic sensors are susceptible to electromagnetic interference, (iii) monitoring of data collection relies on laborious manual operations, and (iv) hard implementation of real-time and remote monitoring [8] . The conventional mechanical or electronic sensing technologies are not capable of fulfilling the demands of application in underground coal mines.
The fiber Bragg grating (FBG) sensor is a promising optical fiber sensing technology emerged in the recent two decades, which has advantages in contrast with conventional mechanical or electronic sensing technologies such as safety, corrosion proof, high accuracy, immunity to electromagnetic interference, long duration, and convenience on conducting online monitoring [9] [10] [11] . Taking advantages of optical fiber sensing technologies, several newly developed rock bolt load monitoring devices had been proposed. Ho et al. [12] installed FBG sensors on the plate of a rock bolt for measuring axial force of the rock bolt. Liang and Fang [13] developed a novel rock bolt load cell by installing FBG sensors on a conventional hydraulic pressure load cell. Zhao et al. [14] developed a monitoring cylinder fitted with FBG sensors for measuring axial force of rock bolts. These devices increased monitoring accuracy of rock bolt load monitoring. Because sensors are installed on the end portion of the rock bolt, the force distribution on the middle and top portions of the rock bolt is not well represented.
In order to measure strain and stress distribution on various parts of the rock bolt, an instrumented rock bolt with optical fiber sensors fitted along the rock bolt was proposed by researchers. Nellen and Broennimann [15] presented a glass fiber reinforced polymer (GFRP) instrumented rock bolt with embedded fiber Bragg grating sensors. Huang et al. [16] proposed a fiber reinforced plastic (FRP) rock bolt with built-in optical fiber sensors. With the optical fiber sensors installed on the rebar or rod of rock bolts, the rock bolts can be applied to obtain strain distributions along the rock bolt body. However, above-mentioned instrumented rock bolts cannot be used in underground coal mines. Specifically, in coal mine roadway support applications, the steel rock bolt is preferred due to the inadequate mechanical properties of FRP rock bolts. Current instrumented rock bolts are made up of plastic or polymer materials, and the optical fiber sensors are capable of being embedded within the FRP rock bolts during the manufacture stage [17, 18] . Whereas the steel rock bolt subjects to high temperature and stress during the manufacture stage, which results in difficulties on optical fiber installation in steel rock bolts. This paper proposed a steel FBG-based instrumented rock bolt for monitoring of axial force of rock bolts. The FBG sensors were embedded within a slotted rock bolt and encapsulated by epoxy resin. After calibration of FBG sensors, the FBG-based instrumented rock bolts were installed in surrounding rocks of the roadway. The instrumented rock bolts provided real-time and accurate monitoring data of axial force of the rock bolt. Therefore, an early warning can be obtained before rock bolt failure by integrating the instrumented rock bolt into a monitoring network of the coal mine.
Structure and Principle of the FBG-Based
Instrumented Rock Bolt 2.1. Structure of the FBG-Based Instrumented Rock Bolt. The FBG-based instrumented rock bolt was made of a steel tendon with a threaded outer surface. In this study, the diameter and length of the rock bolt are 22 mm and 2500 mm, respectively. The rock bolt was slotted with 3 mm by 3 mm diametrically opposing grooves along the entire length of the rock bolt. The FBG optical sensors were held within the grooves by epoxy resin, and therefore, the sensors were coupled to the surface of the rock bolt. The epoxy resin completely encapsulates the fiber within the grooves and therefore protects the sensor throughout installation and handling of the rock bolt. The configuration of the FBG-based instrumented rock bolt can be seen in Figure 1 .
Basic Principle of FBG.
A fiber Bragg grating (FBG) is a wavelength-dependent filter/reflector constructing periodic refractive index structures within the core of a single-mode optical fiber by laterally exposing the core of a single-mode optical fiber to a periodic pattern of intense ultraviolet light [19] [20] [21] . This makes a FBG reflects particular wavelengths (known as Bragg wavelengths) of light and transmits all others. The Bragg wavelength is expressed as
where λ B represents the Bragg wavelength, n ef f indicates the effective index of refraction, and Λ is the grating period. Differentiating (1) gets
The longitudinal strain on the FBG can be calculated as
The effective elasto-optical coefficient of the optical fiber can be described as (2), (3), and (4), the relationship between the Bragg wavelength shift and applied strain can be described as
where Δλ B is the Bragg wavelength shift. The Bragg wavelength is also affected by temperature. Differentiating both sides of (1) with respect to temperature T, the temperature-induced Bragg wavelength shift can be compensated by
Setting ξ = 1/n ef f dn ef f /dT and α = 1/Λ dΛ/Λ , then (6) can be rewritten as
where ΔT is the temperature change, α is the coefficient of thermal expansion, and ξ is the thermo-optic coefficient. Considering coupling effect of strain and temperature on the Bragg wavelength shift, the effective Bragg wavelength shift can be obtained by combining (5) and (7):
Equation (8) can also be expressed as
where K T and K ε are coefficients of wavelength sensitivity to temperature and strain, respectively. The axial force of the rock bolt can be expressed as
Inserting (9) into (10), the axial force of the rock bolt can be expressed as
It can be seen that the axial force of the rock bolt can be obtained by measuring the Bragg wavelength shift of FBG optical sensors. When broadband light passes through the Bragg gratings, only particular narrowband light wavelengths (known as Bragg wavelengths) are reflected and light of other wavelengths without significant attenuation is transmitted. The Bragg wavelengths of optical fibers are influenced by strain and temperature; thus, the strain and temperature values can be obtained by measuring Bragg wavelength shifts. The working principle of FBG sensors is depicted in Figure 2 .
Performance Experiments of the Instrumented Rock Bolt
Before implementing the FBG-based instrumented rock bolt in underground working sites, the mechanical property of the instrumented rock bolt was tested. Moreover, the calibration was conducted in laboratory to characterize mechanical behaviors of instrumented rock bolts. The tensile tests of normal and slotted instrumented rock bolts were conducted. Therefore, the yield strength and limited strength of both normal rock bolts and slotted rock bolts were recorded and analyzed. The test results indicate that the yield strength of the slotted rock bolt is lower than that of the normal rock bolt due to the reduction on the cross section area of slotted rock bolts. The average yield strengths of normal rock bolts and slotted rock bolts are 127.28 kN and Nevertheless, the strength of the slotted rock bolt still fulfills the requirements of the coal mine safety regulation of China (100 kN) [22] .
The calibration experiments of instrumented rock bolts were conducted by a rock bolt pull-out test apparatus and a temperature-controlled tank. Figure 3 shows the schematic of the pull-out test apparatus which is capable of applying axial force on the rock bolt with the range of 0-100 kN. Then, the wavelength shift under various axial forces can be recorded by a FBG interrogator. The air temperature was 26.5°C when the pull-out test was implemented.
Temperature calibration was implemented by a temperature-controlled tank which was used to provide a constant temperature circumstance for the FBG temperature sensor. The optical fibers were set into the temperaturecontrolled tank, and then water was heated. During the temperature calibration operations, there were no extra forces applied on optical fibers and the strain values of optical fibers are all zero. Therefore, the changes of temperature and wavelength shift during the whole heating process were recorded, and the linear relationship between temperature and wavelength shift was learned.
The axial force applied on the instrumented rock bolt and corresponding wavelength shift are shown in Table 1 . Based on the experiment results, data fitting was carried out and the linear relationship between axial force and wavelength shift was obtained. The laboratory calibration relationship between axial force and wavelength shift is shown in Figure 4 (a), and the experiment results of temperature calibration and linear relationship between temperature and wavelength shift are illustrated in Figure 4(b) . Consequently, the coefficients of wavelength sensitivity to temperature and strain can be obtained by means of calibration and data fitting. The value of K ε and K T are 0.01013 nm/kN and 0.00699 nm/°C, respectively.
Theoretically, the effective elasto-optical coefficient, coefficient of thermal expansion, and thermo-optic coefficient of all silica-based FBGs should be of the same value. Nevertheless, the difference between rock bolts generated during manufacturing and FBG encapsulation works resulted in various coefficients of wavelength sensitivity to temperature and strain (K T and K ε ). Therefore, each instrumented rock bolt was calibrated before they were applied in the underground working site. The calibration results are shown in Table 2 . Figure 5 . The CBM drainage roadway is situated in coal-bearing strata that consist of fine sandstone, medium sandstone, argillaceous sandstone, and a number 1 coal seam. The number 1 coal seam is 6.5 m in thickness with a dip angle of 2-3°a nd situated 25-30 m beneath the CBM drainage roadway.
Field Application and Monitoring Results
The ground stress data had been obtained by borehole stress relief measurements. The measurement results suggested that the ground stress is controlled by tectonic stress. The orientation of the maximum horizontal stress is 116.3°, and the magnitude of vertical stress, the minimum horizontal stress, and the maximum horizontal stress are 14.5 MPa, 13.4 MPa, and 37.4 MPa, respectively. This direction of maximum horizontal stress is in agreement with the local geological setting.
The roadway was supported by rock bolts (22 mm in diameter and 2.5 m in length) and steel meshes. The rock bolts were installed on the roof of the roadway with an interval of 1 m × 1 m to ensure the stability of roadway surrounding rocks and protect the personnel from roof collapse. Typically, there were six rock bolts installed in each row.
The coal mine roadways are conventionally excavated by drilling and blasting, while the TBMs are newly introduced in coal mine roadway excavation projects [24] [25] [26] [27] . The roadway surrounding rocks show various stress distribution characters and convergence behaviors under different excavation methods. Consequently, the force distribution characters of rock bolts in TBM-excavated roadways need to be studied. The monitoring data of axial force of rock bolts are able to provide a reference for surrounding rock control, safety evaluation, and support design of TBM-excavated roadways.
Layout of the Monitoring
System. The monitoring station is situated 350 m away from the portal of the roadway. Four instrumented rock bolts were installed on the roof of the roadway with various inclined angles. The orientations of number 1, number 2, number 3, and number 4 instrumented rock bolts are 38.2°, 71.6°, 122.9°, and 158.4°, respectively. Moreover, a FBG temperature sensor was placed within a hollow tube and installed within a borehole that was drilled on the roadway surrounding rock, and this configuration is able to protect the temperature sensor from the damage caused by roadway excavation works. In addition, the temperature sensor installed within surrounding rock was barely affected by the temperature change of ventilation airflow. Consequently, instrumented rock bolts and the temperature sensor were all operated under similar temperate conditions, and the error caused by temperature can be reduced significantly. A NZS-FBG-A04 interrogator with a maximum During the monitoring operations, the system was set to record monitoring data every 30 minutes. The sampling frequency is able to fulfill the requirements of axial forces and structural health monitoring of rock bolts considering the evolution rate of stress and displacement field of roadway surrounding rocks.
The FBG-based instrumented rock bolt monitoring system was established by integrating FBG sensing devices to the communication system of Zhangji Coal Mine. The instrumented rock bolt monitoring system consists of the perception layer, network layer, and application layer, as shown in Figure 6 . The perception layer is composed of instrumented rock bolts and FBG temperature sensors. The instrumented rock bolts were used to measure axial forces of rock bolts, and the FBG temperature sensors were implemented to correct the error of measuring data which was caused by temperature variations. Therefore, an integrated sensing framework for axial force monitoring was established. The network layer was designed to process and transmit the data received from the perception layer. It consists of the FBG interrogator, industrial personal computer, and communication substation. The FBG interrogator and computer are capable of collecting and analyzing the data obtained from sensors. Once the axial force of rock bolts exceed allowable value (100 kN), an early warning of overloading and failure of rock bolts can be provided. The application layer consists of a monitoring host and information exchange network. This layer enables remote information sharing, and the monitoring data can be obtained by using various terminal equipment (e.g., personal computer, laptop, smartphone, and pad) via the internet. 
Analysis of Monitoring Results
The monitoring operations of axial force of rock bolts had been conducted after the roadway was excavated. The axial forces applied on different parts of each instrumented rock bolts were recorded and analyzed. Figure 8 shows the axial force applied to different positions of instrumented rock bolts versus time.
As can be seen from Figure 8 , the axial force of four instrumented rock bolts experienced dramatic increase during 10 to 15 days after installation. Then slower increases on axial force of rock bolts were detected and magnitude of axial forces stabilized at various levels since around 40 days after rock bolt installation. The maximum axial force of number 1 rock bolt increased to 33 kN within 10 days, and then it went up to 47 kN on the 20th day. During the last 60 days of monitoring works, the axial force merely increased by 2 kN (up to 49.6 kN). The maximum axial force of number 2 rock bolt increased rapidly and arrived at 60 kN within 13 days. The maximum axial force finally reached a plateau at 84.8 kN after it underwent two major fluctuations of growth rate. The axial force variation of number 3 rock bolt was similar to that of number 1 rock bolt. Axial force surge took place in the first ten days of monitoring. Then the growth rate of axial forces continued to decrease, and the maximum axial force applied on number 3 rock bolt remained stable at around 78 kN. The axial force on number 4 rock bolt increased gradually in the first three days; then the axial force grew substantially, and finally, the maximum axial force levelled off at 31 kN.
The temperature of deep grounds is mainly influenced by geothermal heat rather than atmosphere temperature [28] . During the initial period of monitoring, the temperature was about 28°C due to heat radiating from TBM and other excavation equipment. After three days, as excavation equipment moved far away from the monitoring site, the temperature was affected slightly by ventilation airflow because the temperature sensor was installed within the surrounding rocks. The measured temperature values fluctuated from 23 to 26°C.
After roadway excavation, the stress field and displacement field of roadway surrounding rocks were disturbed. Moreover, the fractured zone, plastic zone, elastic zone, and in situ stress zone were formed from the shallow to deep layer of roadway surrounding rocks. The different stress and displacement magnitude distributions in different areas of surrounding rocks resulted in various axial forces applied on different parts of rock bolts. The monitoring results illustrated that the maximum and minimum axial forces of each rock bolt were detected by FBG sensors that were situated 1.5 m and 0.1 m away from the roadway surface, respectively. The monitoring data suggested that the middle portion of rock bolts suffered from much larger axial force, and the surrounding rocks in this area experienced the largest deformation. This axial force distribution character cannot be revealed by monitoring devices that were installed on the rear portion of rock bolts.
The axial forces of four instrumented rock bolts were in agreement with orientations and locations of rock bolts. Specifically, the closer a rock bolt to the apex of the roadway roof, the greater axial force applied to the rock bolt. This phenomenon indicates that the displacement on the roadway roof is larger than that on lateral sides of the roadway. The maximum axial forces of number 1, number 2, number 3, and number 4 rock bolts were 49.5, 84.8, 77.1, and 30.8 kN, respectively.
Discussion
The application of FBG-based instrumented rock bolts avoided problems of electromagnetic interference in operations of electronic sensing technologies. As the developments on excavation technologies, there are increasing amounts of Slotting the rock bolt and embedding FBG sensors which are encapsulated by epoxy resin, as well as installing instrumented rock bolts within boreholes, are capable of protecting FBG sensors from damage and external disturbance. The quasi-distributed layout of FBG sensors enables the instrumented rock bolts to monitor axial force along the alignment of rock bolts. The maximum axial force was measured on the middle portion rather than the rear part of the rock bolt; therefore, more data can be obtained by using the instrumented rock bolt than using conventional load cells which were installed on the rear of rock bolts.
The installation of the instrumented rock bolt is convenient. The installation procedure is the same as that of the normal rock bolt. Consequently, miners can install instrumented rock bolts without extra training. The instrumented rock bolts and normal rock bolts share the same material and similar mechanical structure; thus, the monitoring results are able to directly reflect the stress distribution behaviors of rock bolts. In addition, the instrumented rock bolts have capability of providing roadway support, and thus, installation of instrumented rock bolts will not reduce support strength of the roadway.
Conclusions
A FBG-based instrumented rock bolt had been proposed and successfully applied in Zhangji Coal Mine, China. An accurate, reliable, antielectromagnetic, and real-time monitoring of axial force of a rock bolt had been obtained by means of embedding FBG optical sensors in slotted rock bolts. The evolution of axial force distribution on rock bolts had been learned, and an early warning of rock bolt failure can be provided once the axial forces of rock bolts exceed the limits. In this study, only four FBG sensors were installed on each instrumented rock bolt, and four rock bolts were used. In future studies, more instrumented rocks can be installed, and, resting on them, an instrumented rock bolt array over wide extension of the roadway can be established and more detailed data of rock bolts are able to be obtained.
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